Purpose To investigate the association between maternal use of antihypertensives in early pregnancy and delivery outcome, notably infant congenital malformations. Methods A cohort study of 1,418 women who had used antihypertensive drugs in early pregnancy but had no diabetes diagnosis were identified from the Swedish Medical Birth Register. Results There was an excess risk for placental abruption, caesarean section, delivery induction, and post-delivery hemorrhage in women taking hypertensives. Infants were more often than expected born preterm, were small for gestational age, and had an excess of various neonatal symptoms. Cardiovascular defects occurred with an adjusted odds ratio of 2.59 (95% CI 1.92-3.51). The results were similar when the woman had used ACE inhibitors or other antihypertensives, notably beta blockers. Stillbirth rate was increased (risk ratio 1.87, 95% CI 1.02-3.02), again without any clear drug specificity. Conclusions There seems to be little drug specificity in the association between maternal use of antihypertensives and an increased risk for infant cardiovascular defects.
Introduction
Pregnancy in women with chronic hypertension has various severe complications including a worsening of the condition; an increased risk for preeclampsia, eclampsia and HELLP syndrome; liver or renal failure; placental abruption; miscarriage or fetal death; preterm birth and intrauterine growth restriction; and neonatal complications [1] [2] [3] [4] . In order to reduce these risks, mild or moderate hypertension is usually carefully supervised and treated during pregnancy. According to a recent Cochrane review of the substantial relevant literature [5] , the risk of severe hypertension can be reduced this way, but little effect is seen on maternal and neonatal complications.
Whether maternal hypertension in early pregnancy can increase the risk for a congenital malformation in the infant has been less extensively studied. In the classic Perinatal Project Study [6] , there were only 53 women who had been treated in early pregnancy with antihypertensive agents (mainly rauwolfia alkaloids), and 5 of these women had malformed infants, whereas 280 women had used diuretics in early pregnancy and among these women, 15 had malformed infants. No statistically significant risk increase was found either for any malformations or for any specific malformation type.
In a study of maternal drug use and infant cardiovascular defects [7] , an association was found with maternal use of antihypertensive drugs and beta-blocking agents in particular, but there was no statistically significant difference between different types of antihypertensive agents. The adjusted odds ratio for any antihypertensive was 2.0 and was slightly lower for beta-blocking agents (1.85). The association was investigated in a study based on a Medicaid database [8] , which found that maternal use of ACE-inhibiting drugs was associated with an increased risk of infant congenital cardiovascular defects [risk ratio (RR) 3.72), while exposure to other antihypertensives had no such effect (RR0.89). The study was based on 209 exposures to ACE inhibitors, 202 to other hypertensives, and a comparison group of 29,096 infants without antihypertensive exposure.
In order to further evaluate the association between ACE inhibitors or other antihypertensive agents and infant congenital malformations, the present study was conducted using data in the Swedish Medical Birth Register.
Material and methods
The study was based on data in the Swedish Medical Birth Register [9] . This register contains medical information on nearly all infants born in Sweden since 1973, and since 1982 has been based on copies of medical documents from antenatal care, delivery care, and the pediatric examination of the newborns. Table 1 summarizes items in the register that have been used in the present analysis. Congenital malformations in infants were identified with the use of three nationwide registers: the Medical Birth Register, the Congenital Malformation Register, and the Hospital Discharge Register (up to 2006) [11] . Beginning in 1994, maternal use of drugs during pregnancy has been registered [12] . This information is based on the midwife interview at the first antenatal visit (90% of women attend before week 12) and therefore mainly refers to first trimester exposure. Information on drugs prescribed for antenatal care during the whole pregnancy [12] is also available. All types of drugs are recorded, including prescription, over-the-counter, herbal, and homeopathic drugs. When possible, drug names were translated to ATC (Anatomical, Therapeutic, Chemical classification) codes.
In order to select women who reported use of antihypertensive drugs in early pregnancy, the following criteria were used: women who reported use of drugs for hypertension that have a sympaticolytic effect or that act on the smooth muscles of the arterioles, calcium-channel blockers, ACE inhibitors or angiotensin II blockers, irrespective of the presence of a delivery diagnosis code of chronic hypertension, and women who reported the use of a beta-blocking drug and had a delivery diagnosis of chronic hypertension. The reason for the latter restriction was that these drugs are widely used for other conditions, e.g., cardiac arrhythmia and as a prophylactic against migraine. Among all women who reported the use of betablocking drugs, 45% had no such diagnosis, but a proportion of them may well have had hypertension without having a delivery diagnosis.
We identified 1,618 women who reported the use of antihypertensives in early pregnancy and gave birth between July 1, 1995, and the end of 2006. Among them, 196 (12.1%) had a diagnosis of pre-existing or gestational diabetes. In the population, there were 1,061,620 women who gave birth during this period, and 14,777 of them had a diagnosis of diabetes (1.4%). Because of the strong association between diabetes and hypertension, women with a diagnosis of diabetes and also four women with unknown age in the register were removed from the analysis, which was therefore based on 1,418 women with 1,444 infants. Similar exclusions were made among the reference population.
Statistical analysis
Most of the analysis was made using the Mantel-Haenszel procedure with risk estimates from odds ratios (OR) after adjustment for putative confounders and with 95% confidence intervals (95% CI) determined with Miettinen's method. When the expected number of events was low (<10), risk ratios (RR) were instead used as the ratios between the observed numbers and the expected numbers, estimated after adjustments as above and with 95% CI from exact Poisson distributions (SABER software).
Results
Characteristics of women reporting the use of antihypertensive drugs Tables 2 and 3 summarize the antihypertensive drugs used in early pregnancy among the studied women and describe the combinations of different antihypertensive drug groups. From the latter table, it can be seen that 84% of the women used drugs from only one category (65% of them used beta blockers), 14% used drugs from two, and 1.3% used drugs from three or four different groups of antihypertensives. Multiple antihypertensive drug treatment probably indicates a more severe hypertensive disease. Tables 4 and 5 compare characteristics of women who reported the use of antihypertensive drugs with all women giving birth (n =1,046,843). Drug use increased with maternal age and was higher at parity 1 than at higher parities. The women taking hypertensives smoked more in early pregnancy than other pregnant women, had more often had previous miscarriages, had a high BMI more often, and showed signs of subfertility in terms of increased periods of unwanted childlessness compared with other women. Antihypertensive use was less common among women born outside the Nordic countries than among Nordic-born women. The use of such drugs was lower in women with high than with low education. Women using such drugs were less often working full time outside the home than other women. Some of these characteristics may act as confounders in the analysis of pregnancy outcome. Table 6 shows the use of other drugs among women who used antihypertensive drugs compared with all pregnant women. As would be expected, there was a markedly higher number of diuretics and serum lipidlowering drugs (even though only a few women used the latter). There was also a greater use of some other drugs that may indicate co-morbidity: drugs used for stomach ulcers, systemic corticosteroids, thyroid drugs, drugs for migraine, and antidepressants. Use of each one of these drug categories occurred, however, in less than 5% of all women taking antihypertensives.
Among delivery diagnoses, an excess of placental abruption was found. Of the 1,418 women using antihypertensives, 15 had a placental abruption and the expected number (adjusted for year of birth, maternal age, parity, smoking, and BMI) was 6.7 (RR2.25, 95% CI 1.26-3.70). Caesarean sections also occurred in excess; 33% of all deliveries occurred after caesarean section among women who had used antihypertensive drugs compared with 15% in the population. The adjusted OR was 2.12 (95% CI 1.89-2.37). The excess of caesarean sections remained when the analysis was restricted to term infants: 26% after the use of antihypertensives compared with 14% in the population (OR1.61, 95% CI 1.41-1.84).
Among 1,146 deliveries by women taking antihypertensives that did not start with a caesarean section, 454 (40%) had a delivery induction compared with 11% in the population. The adjusted odds ratio was 4.35 (95% CI 3.88-4.88). There was no increase in risk for antepartum bleeding (7 cases observed compared with 8.5 expected), but there was an excess of postpartum bleeding (n=108, OR1.46, 95% CI 1.19-1.79).
Characteristics of infants born to women who reported the use of antihypertensive drugs in early pregnancy Table 7 shows some characteristics of infants born to women who used antihypertensives in early pregnancy and had no diabetes diagnosis. The multiple birth rate was normal. Among singleton infants, the risk for preterm birth, low birth weight, and being small for gestational age was markedly increased, while the risk for heavy infants or As some women used more than one drug, the total number of drugs used will exceed the number of women being large for gestational age was significantly decreased. All neonatal diagnoses listed in Table 7 occurred at significantly increased rates. All ORs decreased when the study was restricted to term infants but remained significant with the exception of the OR for respiratory diagnoses. The latter effect seemed to be exclusively due to preterm births. The effect on respiratory diagnoses in infants exposed to beta blockers was slightly stronger than with other antihypertensive drugs (OR 1.96, 95% CI 1.58-2.43), but the difference was not statistically significant. Among term infants, the OR was not significantly increased (OR1.23, 95% CI 0.87-1.93).
The risk of a congenital malformation was significantly increased among infants whose mothers used antihypertensives in early pregnancy, and the OR estimate even increased slightly when some common mild and variably registered malformations were excluded. There was a marked effect on the risk for a cardiac defect, which was especially clear for ventricular or atrium septum defects (in the absence of other cardiovascular defects). Among infants without a cardiac defect, the risk of a congenital malformation was not significantly increased. The only such specific condition that showed an increase that was formally statistically significant was pes equinovarus, based on seven cases, of which one had only pes equinovarus and the other were combined with and sometimes secondary to other malformations (e.g., spina bifida, hydrocephaly). Table 8 presents analyses of the association between specific antihypertensive drugs and cardiovascular defects. The risk estimate when the woman used only one type of antihypertensive drug was lower than when she used two or more, but the difference may be random. If she used an ACE inhibitor, the risk was slightly higher than if she did not, but again this difference could be random, and the effect of the ACE inhibitor was not by itself statistically significant. When the mother had only used beta-receptor blockers, the risk estimate was high and statistically significant.
Since the use of antihypertensive drugs was associated with the use of some other drugs, the analysis was repeated after exclusion of women who had also used diuretics, serum lipid-lowering drugs, drugs for stomach ulcer, systemic corticosteroids, thyroid drugs, drugs for migraine, or antidepressants. None of these drugs has a marked teratogenic effect, and the resulting OR for relatively severe malformations did not change (OR1.63, 95% CI 1.26-2.12). Table 9 lists the congenital malformations observed and the antihypertensive drug groups used by the mothers of the malformed infants. There were 5 infants with CNS malformations (2.3 expected); none of these mothers had used ACE inhibitors.
The total number of infants that were stillborn (≥28 weeks gestational duration) or died during the first year of life was 19 out of 1,444 (1.3%). In the total population, 5,746 died among 1,063,081 born (0.5%), and the adjusted RR for death was1.87 (95% CI 1.02-3.02). Among the dead infants, 14 were stillborn, 2 died during the first week of life, 2 at the age of 11 days, and 1 at the age of 95 days. Table 10 provides information on drugs used in early pregnancy and in late pregnancy (when known) and causes of death for infants born alive. In three of the cases, an ACE inhibitor was used in early pregnancy, and one of these mothers was prescribed such a drug later in pregnancy as well. Two women with stillbirths had used angiotensin II antagonists; one did not continue with the drug, and in the second case, drug use in late pregnancy was unknown.
Discussion
The women studied were selected based on their reported use of antihypertensive drugs in early pregnancy as recorded at the first antenatal care visit. All women reporting such drugs may not have had chronic hypertension. Some of them had received a diagnosis of pre-existing hypertension at delivery, but such diagnoses were certainly not always given. This is of special relevance for betablocking drugs, which are often used for other medical conditions than hypertension in this particular age group. If a woman had used a beta blocker as the only antihypertensive, she was only included in the study if she also had a delivery diagnosis of pre-existing hypertension. Thus, some women with hypertension were excluded from the study, namely, if they had only used a beta blocker and had no diagnosis indicating hypertension at delivery. Some of the other antihypertensive drugs are also used in patients without hypertension and notably at cardiac failure, but such cases should be very rare among pregnant women.
There was a relatively high proportion of pre-existing or gestational diabetes among the women who were primarily selected for study. As both of these conditions have a marked effect on pregnancy outcome including the presence of congenital malformations in the infant (notably preexisting diabetes), such women were excluded from further analysis. Some diabetic women may not have been identified, notably women with gestational diabetes. The strongest effect on malformation rate emanates from preexisting diabetes, while the observed effects on malformation rates owing to gestational diabetes are much weaker and probably due to undetected diabetes type 2 in early pregnancy [13] . Women who were treated with antihypertensives in early pregnancy deviated in many ways from other women. Some of these factors could act as confounders, notably in the study of maternal and infant morbidity: high maternal age, first infant born, excess smoking, and high BMI. Some could contribute to confounding, but due to low numbers were not likely to be important, e.g., four to five years of subfertility. It seems likely that chronic hypertension increases the risk of miscarriage. Adjustment for the number of years of unwanted childlessness was made but did not influence risk estimates noticeably. Previous miscarriage appeared as a possible confounder, but this was linked only to one previous miscarriage, a phenomenon with little impact on delivery outcome. Women who were born outside the Nordic countries had a lower rate of antihypertensive drug use than women born in the Nordic countries. If anything, delivery outcome was worse in the former group than in the latter, but in Sweden the country of origin of the pregnant woman has relatively little effect on pregnancy outcome. Women with a high education had a lower use of antihypertensive drugs (also after adjustment ASD Atrium septum defect, VSD ventricular septum defect Odds ratios (OR) or risk ratios (RR) were adjusted for year of delivery, maternal age, parity, smoking, and BMI, and 95% confidence intervals (95% CI) were estimated. There were 1,390 singletons exposed to antihypertensives with known pregnancy duration and 1,384 with known birth weight. In the population, the numbers were 1,029,635 and 1,026,215, respectively a Relative risk (RR) was calculated as the observed number of cases over the expected number and with 95% CI estimated from exact Poisson distributions b Apgar score <7 at 5 min c The following conditions were excluded: preauricular appendix, tongue tie, PDA at preterm birth, single umbilical artery, undescended testicle, nevus for age, parity, and smoking), but education has little effect on pregnancy outcome in Sweden. Women taking antihypertensives more often than other women did not work outside the home, which may have been an effect of the disease. A certain amount of co-morbidity (except from diabetes) could be demonstrated from the analysis of concomitant drug use. None of the associated diseases had a known strong teratogenic effect, and exclusion of all women using such drugs hardly affected the risk of a congenital malformation.
We could demonstrate that the women studied had an increased risk for placental abruption, preterm delivery, caesarean sections, and delivery inductions-all known consequences of chronic hypertension [1] [2] [3] [4] . Effects on the infants such as low birth weight, being small for gestational age, and some neonatal diagnoses could also be verified. The increased risk for neonatal diagnoses was to some extent (notably for respiratory problems) associated with preterm birth.
There was an increased risk for infant mortality. An increased risk for stillbirth is well known when ACE inhibitors and angiotensin II antagonists are used, but few mothers of the dead infants had used these drugs early in pregnancy and only one later in pregnancy.
The central observation of this study relates to the risk of congenital malformations. As described in the "Introduction" section, it has been postulated that the use of ACE inhibitors but not other antihypertensives is associated with an increased risk of cardiovascular defects [8] . The present analysis verifies the observation of an increased risk for such malformations after treatment with ACE inhibitors, but a similar risk was found following the use of other antihypertensives, notably beta blockers. In our material, ACE inhibitors represented a much smaller proportion of the drugs used-among 1,418 women, only 137 had used ACE inhibitors, whereas in the U.S. study [8] , more than half of the infants studied had been exposed to such drugs (207 infants). The risk estimates from the two studies were in the same order of magnitude, and in both, the dominant cardiovascular malformations were septal defects. The earlier results were questioned [14] from two points of view: the possible confounding effects of maternal diabetes and of high BMI. In this analysis, women with known diabetes (both pre-existing and gestational) were excluded, and adjustment for BMI was made.
The main difference between the two studies was that, in our study, we found a similar effect when the woman had used antihypertensives other than ACE inhibitors and notably if she had used beta blockers, while in the U.S. study, no effect was found when other antihypertensives were used. Our data set included 1,281 infants exposed to other antihypertensives than ACE inhibitors, while the U.S. study [8] contained 202 such infants. Among the latter, infants exposed to angiotensin II antagonists were excluded.
Our results suggest that the cardiovascular teratogenic effect is not a characteristic of ACE inhibitors, as claimed, but is also seen with other antihypertensives and notably beta blockers. There are various possible explanations for such an effect. One obvious possibility would be that the underlying disease, chronic hypertension, is the true risk factor [1] . Another possibility is that the antihypertensive drugs could cross the placenta and could disturb fetal circulation, leading to an increased risk for septal defects.
Data concerning human placental passage for antihypertensive drugs in general are incomplete [15] . However, most beta blockers are described to cross the placenta. Of the ACE inhibitors, at least enalapril is known to cross the human placenta. Captopril was found in cord blood in one case after caesarean section at 34 weeks. For trandolapril and lisinopril, there seems to be no data. Concerning calcium antagonists, it is described that verapamil, isradipine, and nimodipine pass the placenta at term, but no data were found concerning placental passage in early pregnancy. For amlodipine, no data were found. Placental passage of the angiotensin II receptor antagonists seems not to have been studied.
Hypotension induced by antihypertensive drugs could be a possible cause of malformations. Fetal deaths in rabbits and stillborn lambs, rather than malformations, have been described during antihypertensive treatment (ACE inhibitors) in connection with decreased perfusion of the placenta, systemic hypotension, and reduced fetal blood pressure [16] . In baboons, fetal death and intrauterine growth restriction were seen under treatment with ACE inhibitors, and it was hypothesized that the observed fetopathy could be due to a direct effect of the drug on the renin-angiotensin system in the primate fetus and is not merely an effect secondary to maternal hypotension [17] . Post-mortem examination of the baboon fetuses found no malformations.
In humans, hypocalvaria has been described in some cases [18] [19] . Since membranous bones are highly vasculated and in need of high vascular oxygen tension during development, it has been postulated that fetal hypotension produced by ACE inhibitors could induce hypoxia thus resulting in hypocalvaria [18] . The renal development has also been described to be affected by fetal kidney hypotension, causing renal tubular dilatation or distal tubular hypoplasia [18] [19] . These effects are suggested to occur, not in the first, but in the second and third trimesters [15] .
In the previous study [8] , an association between ACE inhibitors and CNS malformations was suggested, based on three cases, one with spina bifida, one with microcephaly (and an eye malformation), and one with coloboma-a condition usually not referred to as a CNS malformation. We found 5 infants with a CNS malformation compared with 2.2 expected, but none of the mothers had used an ACE inhibitor. No infant had a coloboma. ASD Atrium septum defect, HLHS hypoplastic left heart syndrome, PDA patent ductus arteriosus, VSD ventricular septum defect a The woman also used a beta-receptor blocking agent This study was large but also had limitations. Information on use of antihypertensives in early pregnancy was probably reasonably complete; if it was missing, it would transfer some truly exposed cases to the control group, which would hardly affect risk estimates. Little information was available on exact dosage and timing, but antihypertensive treatment is usually a long-term procedure. There was little information on the severity of the hypertension, either before treatment began or during early pregnancy. Hopefully, most treated women had achieved a good regulation of their blood pressure, but data were not available. Women with untreated hypertension in the beginning of pregnancy were not included and are difficult to identify as no information was available on blood pressure level at the first antenatal care visit. Ascertainment of congenital malformations was made from multiple sources. It may be incomplete but is most probably unbiased.
In conclusion, our data favor the interpretation that an association between maternal use of antihypertensives in early pregnancy and infant cardiovascular defects is not specific to ACE inhibitors but is also found after the use of other antihypertensives, notably beta-blocking agents. Further large studies on the relationship among maternal chronic hypertension, use of antihypertensive drugs, and congenital heart defects should be performed.
